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Abstract
The problem of predicting the failure of water mains has been considered from different perspectives and using several methodologies in engineering literature. Nowadays, it is important to be able to accurately calculate the failure probabilities of pipes over time, since water company profits and service quality for citizens depend on pipe survival; forecasting pipe failures could have important economic and social implications. Quantitative tools (such as managerial or statistical indicators and reliable databases) are required in order to assess the current and future state of networks. Companies managing these networks are trying to establish models for evaluating the risk of failure in order to develop a proactive approach to the renewal process, instead of using traditional reactive pipe substitution schemes.
The main objective of this paper is to compare models for evaluating the risk of failure in water supply networks. Using real data from a water supply company, this study has identified which network characteristics affect the risk of failure and which models better fit data to predict service breakdown.
The comparison using the Receiver Operating Characteristics (ROC) graph leads us to the conclusion that the best model is a Generalised Linear Model. Also, we propose a procedure that can be applied to a pipe failure database, allowing the most appropriate decision rule to be chosen.
Introduction
Worldwide, water supply systems (WSS) face the problem of aging infrastructures and increasing maintenance costs. The classic reactive approach used by most companies is obviously not the best way of managing this essential public service, from both quality and availability optics, proactive strategies are required. However, proactive approaches require information and models to evaluate risks, predict the best measures to take and to forecast water supply network performance. The need for proactive models is even greater in developing countries, with tight economic restrictions, than in advanced countries. Authors such as Saegrov [18] conclude by identifying a knowledge gap and research possibilities, mainly relating to data collection and how best to use existing data for the developement and calibration of predictive deteroriation models, risk assesment methods, etc. In this study we will present an analysis of the reliability data from the water supply network of a medium-sized city on the Spanish Mediterranean coast. Three different models will be used to analyze data, to identify the main factors affecting pipe failure and to predict the risk of failure.
Fenner [11] concludes that to be cost effective, proactive maintenance involving inspection and repair must be focused on those pipes which can be shown to have an early predisposition to failure. In line with that we suggest some statistical tools which can optimise and prioritise any proactive work. The main objective of this study is to promote the use of quantitative tools in the management of water supply systems, to evaluate their present state and to forecast the future deterioration of infrastructures.
The contents of this article are structured as follows. In the second section we present the three survival models we have applied: the Cox Proportional Hazard model, Accelerate Failure models and the Generalized Linear models. We also introduce a Receiver Operating Characteristics (ROC) graph as a ⋆ The authors are indebted to the anonymous referees whose suggestions improved the original manuscript. This study was partially supported by a grant from MEyC (Ministerio de Educación y Ciencia, Spain, project CGL2004-05507). way to evaluate concordance between models and real data. The third section starts describing data from the water supply network studied. In this third section, we apply the three different models to these data, commenting on their advantages and disadvantages, as well as on their suitability in the failure risk analysis in question. The section ends with a comparison of two different fits by means of the ROC curves. Finally, we will come to some conclusions in which we try to assess their validity not only for this case but also, to some extent, for any other WSS.
Survival Analysis
Statistical models of differing complexity have been suggested in the literature for predicting pipe breaks in water distribution systems, from Proportional Hazard models to Generalised Linear Models (GLM). A review of these statistical models can be found in Kleiner and Rajani [13] . The most recent contributions have also been compiled by Yamijala et al. [21] with a special emphasis on comparing the accuracy and usefulness of these models by means of goodness of fit statistics. These models were designed to show the impact of each predictive variable for the risk of failure of a individual pipe. . The Proportional Hazard model [6] has been widely used in analyzing survival data.
Cox model
The model specifies that the survival time T , given the covariate vector x, has the hazard function
where h 0 (t) is an unspecified baseline function and β is the regression coefficient vector associated with x. The common definition of hazard rate in Survival Analysis is the probability that an individual assumed to be alive until instant t will not survive the following limited time interval,
The interest is mainly in the proportional factors rather than the baseline hazard. This model is semi-parametric because while the baseline hazard can take any form, the exponent is linear in the covariables. Remarkably, even though the baseline hazard is unspecified, the Cox model can still be estimated by the method of partial likelihood, developed by [6] 
where Z is the random variable which describes the random behavior of ln(T ). The accelerate lifetime model can be viewed as analogous to the Proportional Hazard model. It differs from the Cox model in that the covariates act to the time to failure, whereas failure hazard is affected in the Cox model [13] . There are different types of Accelerate Lifetime models. The simplest parametric model is the exponential one which assumes a constant risk function,
However, in the majority of phenomena of interest the hypothesis that the risk function is constant is overly restrictive. The Weibull distribution defines a more general model whose risk function is,
where the parameters λ and α, denominated scale and shape parameters respectively, are positive values. The Accelerate Lifetime model translates into Proportional Hazard when Z has a Weibull distribution [7] .
It is possible to specify other distribution for the variable Y = ln(T ), which have any real value. One possibility is to consider that ln(T ) has a Normal distribution with average µ and variance σ 2 , which means that T follows a Lognormal distribution. In this case h(0) = 0, grows until reaching a maximum and subsequently decreases again towards 0; These characteristics hardly make it realistic.
One distribution obtained with the same procedure and which, different to the Lognormal, has relatively simple expressions of the basic functions is the Loglogistic distribution. We can say that T has a Log-logistic distribution if the variable ln(T ) has a logistic distribution, which is symmetrical distribution similar to the Normal standard, except at the tails.
Lei [14] applied both the Cox model and the Accelerated Lifetime models to the distribution system of Trodheim, Norway. This study did not say whether the model was validated or comment on the quality of the predictions. Eisenbeis [9] applies the Weibull model to the same data that had applied in the Cox model.
Generalised Linear Models
Generalised Linear Models (GLM) are an extension of linear models for nonnormal distributions of the response variable and non-linear transformations. A regression model constitutes a specification for the variable mean, m, in terms of a small number of unknown parameters β 0 , β 1 , . . . , β p corresponding to the covariables. In the particular case of linear models, we wish to find a
In a different way, a generalised linear model (GLM) provides a method for estimating a function of the average of the response variable as a linear combination of the set of predictive variables, that is
The function of the response average, l(m), is called function link, and is considered to be the same as a linear function of the predictors, η(x), which is called linear predictor. Each component y i of Y has a Binomial, Poisson or Gamma distribution. The GLM comprehensive reference is [16] . GLM with qualitative predictors are well described in [1] .
In the field of Reliability these GLM have been used before by [4] and [21] .
ROC curves
A Receiver Operating Characteristic (ROC) graph is a technique for visualizing, organizing and selecting classifiers based on their performance [10] . ROC graphs are commonly used in medical decision making, and in recent years have been used increasingly in machine learning and data mining research. The purpose of this paper is to use it in research into pipe failure analysis. We consider problems where the items can only belong to two classes and some classification models (or classifiers) that produce a continuous output (e.g., an estimate of hazard rate) to which different thresholds may be applied to predict class. For each individual we have both the model prediction and the actual class. Given a classifier and an instance, there are four possible outcomes, Table 1 showing the possibilities ROC graphs are two-dimensional graphs in which the tp rate is plotted on the Y axis and the fp rate is plotted on the X axis. A ROC graph depicts relative tradeoffs between benefits (true positives) and cost (false positives). Several points in ROC curve are important to highlight. The lower point (0,0) represents the strategy of never issuing a positive classification; such a classifier commits no false errors but also gains no true positives. The opposite strategy, of unconditionally issuing positive classifications, is represented by the upper right point (1,1). The point (0,1) represents perfect classification. Informally, classifiers with a ROC curve closer to this point are preferred. The diagonal line y=x represents the strategy of randomly guessing a class. It is possible for a classifier to perform worse in a specific region than another classifier if its curves are cut.
The model will be good if we can discern the pipes that break and those which do not. The ROC curve provided an overall representation of the accuracy. If the test did not allow discrimination between classes, the ROC curve was the diagonal joining the vertices from lower left to upper right. The accuracy of the test increased as the curve moves from the diagonal towards the upper left corner. To evaluate the discriminative performance of the model and to compare classifiers, we wanted to reduce ROC performance to a single scalar of value representing expected performance. Calculating the area under the ROC curve of the classifier, for short AUC, was a common method. Since the AUC is a portion of the area of the unit square, its value will always be between 0 and 1, the random guessing procedure having an area of 0.5. The greater the AUC, the better is the classifier.
Moreover, we can obtain the optimal operating point on the ROC curve, which is the point closest to the top-left corner. This gives the threshold value that will provide a good compromise between sensitivity and specificity. This threshold value of pipe failure risk can be selected to detect pipes which have a high risk of failure. There are other tools that allow classification of the broken and non-broken pipes like the discriminatory analysis. However, the ROC curves have the advantage of being able to decide about the breakage point or risk for the classification. They can be used where managers are more risk-averse or risk accepting than that which uses the "optimum" point.
3 Application to real data
Data
In the development of the research project, we had access data from the water supply company of a medium-sized Spanish city. The water supply company gave us access to a database containing information on pipe sections making up the network. The database includes 32,387 entries, corresponding to each of the sections. Among other variables, the entries contain: section identification, section diameter, pressure, installation year, pipe material, date of failure, section length, traffic conditions and type of failure. There were some problems with the quality of data: data corresponding to the oldest sections were not reliable; the failures have only been included in the data-base since 2000 (when the use of the GIS 1 was established), and there was no possibility of recovering older failure data. This means a very high censoring rate, up to 98%. Also, no consideration was given to the fact that a pipe section can fail more than once because the database structure was not prepared to consider this. Some minor errors had to be corrected prior to using the database, frequently meaning the loss of the corresponding failure entries. One of the major problems with the database was the lack of reliability of the data on the oldest pipe sections. Due to that lack of reliability of older data, only those pipes installed after 1940 were considered. According to the database, four different materials have been used: ductile cast iron, gray cast iron, polyethylene and asbestos cement. The database also records the traffic conditions of the installation area of the pipes considering three kinds of traffic: under sidewalk, normal traffic and heavy traffic.
Because failures occurring between 1941 and 1999 are unknown, and those between 2000 and 2006 are known, we consider that failures occurring before 1941 are not important following [15] , who found left-censoring is a minimal problem. We need a further condition on the censoring para to apply the previous Cox model, specifically that the censure is independent and uninformative which assumes that the likelihood for censored observations does not depend on β [12] .
Moreover, given that we only had the year of the failure, the times have been calculated discretely in number of years, and therefore failures equal to 0 prose a problem when the logarithm is applied to them, the problem being resolved by substituting them for 1/365, on the assumption that the pipes had lasted at least one day.
Cox model
As is common in survival techniques, the estimation of the covariable effects (diameter, pressure, material, length) are analyzed on the hazard rate associated with pipe duration. We begin with the Proportional Hazard model, also called Cox Regression [6] . Its mathematical expression is in equation (1) . By analogy, in this work, hazard rate (2) is the probability that a pipe, which has not failed until instant t, would start breaking within the following time interval. Whereas in our case, the hazard function h(t) measures the hazard rate that a pipe may break, conditioned by the fact that it had not broken until the instant t. Moreover, x i is the vector of covariates for the ith case. The main assumption is that the hazard rate in all cases is a multiple of an unspecified baseline hazard rate h 0 (t). The Cox proportional-hazards regression model was fitted in R with the coxph function using library survival [17] . Detailed arguments and estimations are available in [20] .
The results of the Cox Regression are shown in Table 2 , which includes the value of the coefficients for each of the covariables, the exponential of the coefficient values (which express the effect of the corresponding covariable on the hazard rate), and the standard error and significance for each of the coefficients. In Tables 2, 3 The meaningfulness of the positive coefficient β which corresponds to the length of the pipe can be interpreted thus: the failure hazard rate is higher in the longer pipes than in the shorter ones. Similarly, if we consider the pressure effect, this risk value increases with higher pressures. On the contrary, the meaningfulness of the negative coefficient which corresponds to the diameter of the pipe can be interpreted thus: the failure hazard rate is lower in the widest pipes. If we consider the traffic effect in isolation, according to our results the risk that a pipe will break is lower with normal traffic or under a sidewalk than with heavy traffic. If we consider the impact of material on the risk of failure, gray cast iron is not significant and the risk that a pipe will break is higher with ductile cast iron or polyethylene than with asbestos cement material.
From Table 2 each individual regression coefficient value in the second column below the double line can be interpreted in this way: for explanatory variable length, the increase in the risk of failure for an increase of 1 m is 0.4%; in the case of diameter the decrease in the risk of failure for an increase of 1 mm is 0.3%; with an increase of 1 in the preassure the risk of failure increase by 2.2%; under sidewalk and normal traffic decrease normal hazard rate by 50.6% and 42.0% respectively; the failure risk of asbestos cement pipes or gray cast iron pipes is the same but ductile cast iron increases the risk by 42.2% while polyethylene increases it by 471.4% if the rest of covariables remain fixed. 
Weibull model
It is important to highlight that in the Accelerate Lifetime models the interpretation of the coefficients β is different from the Proportional Hazard model. The covariable effects (diameter, pressure, material, length) are analyzed on the failure time. We are going to apply the Weibull distribution on account of its good properties. Moreover, x i is the vector of covariates for the ith case. The Weibull regression model was fitted in R with survreg function using library survival [17] . Detailed arguments and estimations are available in [20] .
Results of the Weibull Regression are shown in Table 3 . The table includes the value of the coefficients for each of the covariables, the exponential of the coefficient values, which express the effect of the corresponding covariable on the failure time, and the standard error and significance for each of the coefficients. In Table 3 only gray cast iron material is non-significant as in the Cox model. The meaningfulness of the negative coefficient β which corresponds to the length of the pipe can be interpreted thus: the failure time is smaller in the longer pipes than in the shorter ones. Similarly, if we consider the pressure effect, this failure time value increases with higher pressures. On the contrary, the meaningfulness of the positive coefficient which corresponds to the diame-ter of the pipe can be interpreted thus: the failure time is higher in the widest pipes. If we consider the traffic effect in isolation, according to our results the time that a pipe breaks is higher with normal traffic or under a sidewalk than with heavy traffic. If we consider the impact of material on failure time, the time when a pipe breaks is higher with ductile cast iron and smaller with polyethylene than with asbestos cement. In Gray cast iron is not significant.
From Table 3 each individual regression coefficient value can be interpreted in this way, for explanatory variable length, the decrease in failure time for an increase of 1 m is 0.2%, in the case of diameter the increase in failure time for an increase of 1 mm is 0.1%, with an increase of 1 in the preassure the failure time decrease by 1.3%, under a sidewalk and normal traffic increase time by 68.4% and 44.7% respectively, the failure time of an asbestos cement pipe or a gray cast iron pipe is the same but ductile cast iron increases the time in 27.0% while polyethylene decreases it by 44.4% if the rest of covariables remain fixed.
Generalized linear models
In order to check the consistency of these previous results, we use a different technique: the Generalised Linear Model analysis which allows us to analyze the data on the assumption that the number of pipe failures is Poisson. Our model is formally a Poisson Generalized Linear Model with a logarithmic link function as in the model used in [4] , our model was fitted in R with glm function. Detailed arguments and estimations are available in [20] . Results of the Generalized Linear Model are shown in Table 4 .
We can observe some differences comparing with Cox model, Weibull model and GLM, specifically, in material variable, where results for polyethylene are not significant. The significance of the remaining variables in the three models is the same.
As regards the values and sign of the coefficients, we can observe that they are similar in three models, despite the coefficients corresponding to materials. Three aspects deserve a special mention: the greater increase for two kinds of traffic, different sign in ductile cast iron material and the non influence of polyethylene in the risk. The differences in the models for polyethylene pipe material are especially striking. Polyethylene pipe is often marketed as being more resistent to breaks in certain circumstances. The results are due to the polyethylene material used in more recently installed pipes, as well as it being a less frequently used material in our database. This fact strengthens the decision to prefer GLM over Cox or Weibull. 
ROC curve
The above models are designed to show the impact of each variable in the pipe failure rate. To evaluate the discriminate performance of the models and to compare them we may represent the ROC curve and calculate the AUC. They are typically used for any test in which there are two possible outcomes that are of interest to the researcher. Does the test give a correct positive result (A) or a correct negative result (B). In this case, it corresponds to the fact that either the pipe has actually failed (A) or not (B). A ROC curve is considered to be a summary measurement in the sense that it uses all possible decision thresholds for the test to create the curve. The ROC Curves serve to compare models with the same response variable, as is the case with the GLM and Cox whose response is the hazard rate, but not that of Weibull whose response is failure time. The ROC curves were obtained in R using the ROCR library [19] .
In Table 5 we show the fp rate and tp rate values for three thresholds, the optimal operating point being the central one. When comparing the ROC curves for the two models, tests with larger areas are typically considered to be better tests, it is possible for tests to have the same area and yet not be considered to be equivalent. Thus, is important to compare ROC curves and their areas. Figure 1 shows ROC curves based on the corresponding models whose comparison allows us to say that the hazard rate obtained by GLM discriminates better between the pipes that break than those that do not, because its curve is always above the corresponding Cox model curve.
In addition, the AUC corresponding to the risk obtained by GLM is 0.8278 greater than the AUC corresponding to the risk obtained by Cox model of 0.7686. This confirms the superiority of the GLM.
Likewise, Figure 1 shows the ROC curve of each model with the optimal operating point marked.
Conclusions
Fist of all, what is suggested from here on is that, as far as is possible, the date of failure should be noted in order to have a failure time variable without zeros and to resolve the problem with the data at the same time achieving greater precision.
The study has sought to provide insight into the impact of different variables on the risk of failure in water supply networks. The analysis described above showed that pipes which were less prone to failure had the following characteristics: short lengths, large diameters, low pressure and installed under a sidewalk. As regard to material, there is not the same solution for the three models: pipes made with asbestos material for the Cox model, but pipes made with ductile cast iron are for the Weibull model and GLM.
We have compared two different models by choosing the best fits for each one of them. Specifically, we have compared the Cox model and GLM. The comparison is carried out by applying the ROC curve, from which we can conclude that the Cox model model produces worse fit than GLM. Moreover, this methodology has allowed us to establish a threshold at which a pipe can be considered high-risk, decision making which allows for the renewal of the network.
In relation to the work of other authors, we should highlight one distinctive feature of the methodology presented here, which is the possibility of comparing the different models with a simple and objective criterion. ROC graphs are able to provide a measure of classification performance, to be a complement to scalar measures such as goodness of fit statistics proposed by [21] .
In short, we propose a statistical tool which provides a clear framework for decision support in the diagnosis and rehabilitation of water supply systems.
